Introduction
============

Retigabine (RTG; international non-proprietary name), also known as ezogabine (EZG; US adopted name), was approved as adjunctive treatment in partial seizures in Europe in March 2011 and in June 2011 in the US.[@b1-jcnsd-5-2013-031],[@b2-jcnsd-5-2013-031] It is first in its class as a neuronal potassium channel opener with a primary mechanism of action as a positive allosteric modulator of KCNQ2-5 (Kv7.2-7.5) ion channels.[@b3-jcnsd-5-2013-031] Retigabine is a derivative of flupirtine which has been marketed as a non-opioid centrally acting analgesic in Europe and which demonstrated anticonvulsant efficacy in the National Institute of Neurological Disorders and Stroke Anticonvulsant Screening Project in the 1980s.[@b4-jcnsd-5-2013-031] RTG was previously named D-23129 (free base) and D-20443 (HCL salt version).

The incidence of epilepsy was estimated to be 69 million world-wide in 2010 with up to 30% labeled as refractory to medical therapy.[@b5-jcnsd-5-2013-031],[@b6-jcnsd-5-2013-031] The International League against Epilepsy recently developed a global consensus definition of drug-resistant epilepsy.[@b7-jcnsd-5-2013-031] It is defined as a failure of adequate trials of two tolerated, appropriately chosen, and appropriately used antiepileptic drug regimens (whether administered as monotherapies or in combination) to achieve sustained freedom from seizures. The randomized controlled phase III trials with RTG were performed before this definition was released, but inclusion criteria met this definition.[@b8-jcnsd-5-2013-031],[@b9-jcnsd-5-2013-031] Despite being labeled with drug refractory epilepsy, approximately 5% per year obtain a 6-month terminal seizure remission.[@b10-jcnsd-5-2013-031] Predictors for not obtaining remission include a history of status epilepticus, younger age at intractability, number of failed drug therapies and presence of mental retardation.

Methods
=======

MEDLINE and EMBASE were systematically searched using the search terms retigabine and ezogabine from January 1980 through August 17, 2013. Trials were included for analysis of clinical efficacy and tolerability if they were randomized controlled trials which studied the effects of RTG in partial seizures. Additional articles relating to pharmacology, pharmacokinetic properties, and drug interactions were reviewed for inclusion in the review. Articles were also identified from the reference lists of published articles. Published abstracts and websites of the Food and Drug Administration and European Medication Agency were reviewed for additional relevant information.

Results
=======

A total of 408 citations were identified from the electronic search of MEDLINE and 719 citations from EMBASE. Efficacy and tolerability results were obtained from three randomized trials. Additionally, interim results from two open-label extension trials of the Phase III trials were reviewed.

Mechanism of Action
===================

Other marketed anticonvulsants (AEDs) block voltage-gated sodium or calcium channels, enhance activity of the inhibitory neurotransmitter gamma aminobutyric acid (GABA), block receptors of the excitatory neurotransmitter glutamate, or modulate the synaptic vesicle protein 2A (SV2A).[@b11-jcnsd-5-2013-031] RTG decreases neuronal excitability by acting as an opener of KCNQ channels KCNQ2-5.[@b4-jcnsd-5-2013-031] The potency of RTG at the KCNQ channels based on determinations of the half maximal effective concentration (EC50) has been ranked as KCNQ3 \> KCNQ2/3 = KCNQ3/5 \> KCNQ2 \> KCNQ4 = KCNQ5 (range 0.6--6.4 μM). RTG causes a concentration dependent hyperpolarizing shift of the activation threshold which results in stabilization of the resting membrane potential.[@b3-jcnsd-5-2013-031]

Mutations in the KCNQ family of genes are associated with inherited diseases: KCNQ1 mutations with about half of the hereditary cases of long QT syndrome, KCNQ4 mutations with progressive hearing loss and KCNQ2 or KCNQ3 mutations with benign familial neonatal convulsions.[@b12-jcnsd-5-2013-031]--[@b16-jcnsd-5-2013-031] RTG does not act on KCNQ1 channels which are cardiac specific.[@b17-jcnsd-5-2013-031] KCNQ2 and KCQNQ3 are primarily found in the nervous system and coassemble in tetramers.[@b18-jcnsd-5-2013-031]

In vitro studies have suggested other anticonvulsant mechanisms of RTG including enhanced inhibitory effects of gamma-aminobutyric acid (GABA).[@b4-jcnsd-5-2013-031] Higher concentrations of RTG are required to produce significant potentiation (≥10 μM) than are required at KCNQ channels or attained in patients with epilepsy.

On a molecular level, using homology models, Wuttke and colleagues' work suggests formation of a hydrophobic pocket between the S5 and S6 segments of Kv7.2 (KCNQ2) channel upon opening of Efficacy of retigabine in partial onset seizures the channel.[@b19-jcnsd-5-2013-031] This facilitates the docking of the RTG molecule, and consequently, stabilization of the open channel conformation. Their model predicts a lipophilic interaction between the fluorophenyl ring of RTG and the aromatic TRP236 at the cytoplasmic end of S5. In addition, the authors postulated that the slowing of the deactivation time course by RTG was due to RTG binding to the activation gate on S6, Gly301.

Animal Models
=============

RTG has been shown to be effective in a large number of animal models representing a variety of types of seizures.[@b20-jcnsd-5-2013-031] These include kindling models which stimulate the amygdala or hippocampus used to model complex partial and secondary generalized seizures, the lamotrigine-resistant amygdala kindled rat and the 6-Hz psychomotor seizure test to model pharmacoresistant epilepsy, and administration of D,L-homocysteine thiolactone in which a cortical lesion has been generated by cobalt to model status epilepticus.[@b20-jcnsd-5-2013-031]--[@b23-jcnsd-5-2013-031] RTG was not found to be effective in preventing clonic seizures induced by bicucullin, motor seizures induced by strychnine, or absence seizures following the administration of the GABA~A~ blocker, pentylenetetrazole, or in the Genetic Absence Epilepsy Rats of Strasbourg model.[@b20-jcnsd-5-2013-031],[@b24-jcnsd-5-2013-031] There were conflicting studies on RTG's ability to increase the seizure threshold for myoclonus induced by picrotoxin.

Pharmacokinetics
================

The pharmacokinetic profile of single and multiple doses of RTG were determined in a randomized, placebo-controlled, inpatient study of 45 healthy male participants aged 21 to 44 years.[@b25-jcnsd-5-2013-031] Single doses of 100, 200, 250 or 300 mg were given on day one and then every twelve hours for an additional 14 days. Additionally, a dose-escalation group received an initial dose of 200 mg and a 100 mg increase every 4 days to a target dose of 700 mg per day. For single doses, the mean times to maximum concentration were 1.5 to1.8 hours. A high fat meal delayed, but did not reduce, absorption. Mean apparent volume of distribution (Vd/F) ranged from 6.2 to 8.8 L/kg and 5.1 to 7.4 L/kg for single and multiple doses, respectively. Mean terminal half-life (t~½~) was 8 hours with an apparent oral clearance (Cl/F) of 0.7 L/h/kg in white participants. Black participants had a higher exposure rate with Cl/F and Vd/F values 25% and 30% lower, respectively, than white participants. Mean trough RTG concentration in the evening was 63% of the trough concentration in the morning, suggesting a circadian rhythm effect.

RTG and its N-acetyl active metabolite (NAMR, also known as ADW 21-360) are 80% and 45% bound to protein and therefore displacement by other medications is not predicted to occur.[@b26-jcnsd-5-2013-031] The volume of distribution is 2--3 L/kg following intravenous dosing. NAMR is less potent than RTG in animal seizure models.

RTG is metabolized by glucuronidation through the uridine diphosphate glucuronyl transferase (UGT) isoenzymes UGT1A4, UGT1A1, UGT1A3 and UGT1A9 and by acetylation.[@b27-jcnsd-5-2013-031]--[@b29-jcnsd-5-2013-031] Elimination of RTG was quantified in a study of \[^14^C\]-RTG in six healthy males.[@b29-jcnsd-5-2013-031] Eighty-four percent of the 200-mg dose was recovered in the urine within 72 hours, 9% in the feces over 96 hours, and an additional 5% in the feces in the following days. RTG was excreted by the kidney as 36% unchanged and as 7 metabolites, including NAMR (18%), two N-glucuronides of the parent drug (16% and 2%) and 2 N-glucuronides of NAMR (4% and 2%).

RTG and NAMR can be quantified in plasma with tandem mass spectrometric detection in the positive-ion atmospheric pressure chemical ionization mode down to 1 ng/mL.[@b30-jcnsd-5-2013-031]

Special populations
-------------------

### Sex

The impact of sex on the pharmacokinetic profile of RTG was investigated in a single-site, single-dose (200-mg), open-labeled study in 12 young women (aged 25--39 years), 12 elderly women (aged 66--81), 12 young men (aged 21--40) and 12 elderly men (aged 67--82).[@b31-jcnsd-5-2013-031] The maximum concentration (C~max~) and area under the curve (AUC) were 56% and 20% higher in young women than in young men and 103% and 31% higher in elderly women than in elderly men. These differences did not result in significant differences in weight-normalized clearance, which led the authors to conclude these differences were due to higher doses per kilogram of body weight in women compared to men. Because the starting dose was well tolerated by both sexes and is titrated upwards to effective and tolerable doses, no dosing differences are recommended based on sex.

### Geriatric

In the above study, pharmacokinetic differences were also compared between the young and elderly participants. Elderly participants had a significantly reduced Cl/F and increased AUC and t~½~ for RTG and NAMR compared to younger participants. The authors attributed this result to lower mean glomerular filtration rates in the elderly participants (a 27% decrease in men and a 40% decrease in women). In patients greater than 65 years, it is recommended to initiate the dose at 50 mg three times a day (TID) vs. 100 mg TID and to lower the maximum dosage to 250 mg TID vs. 400 mg TID.

### Renal impairment

Pharmacokinetic parameters were documented following a 100 mg dose of RTG in patients with mild (creatinine clearance \[CrCl\] 50--80 mL/min), moderate (30--50 mL/min) and severe (\<30 mL/min) chronic renal disease, those with end stage renal disease requiring hemodialysis, and in healthy volunteers.[@b32-jcnsd-5-2013-031] Compared to healthy volunteers (n = 6), renal clearance of RTG was decreased by 25%, 50% and 70% in the mild (n = 5), moderate (n = 5), and severe (n = 4) renal disease groups. The mean t~½~ in the dialysis group (n = 6) was 23 hours vs. 8 hours for the healthy volunteers. An initial dose of 50 mg TID and maximum dose of 200 mg TID is recommended for patients with CrCl less than 50 mL/min and those on dialysis.[@b26-jcnsd-5-2013-031]

### Liver impairment

The effect of liver disease on Cl/F, renal clearance and AUC was investigated following a 100 mg dose in patients with mild (Child-Pugh score 5--6), moderate (7--9) and severe (\>9) hepatic impairment and in healthy volunteers (n = 6 in each cohort).[@b33-jcnsd-5-2013-031] There were no differences in Cl/F between healthy volunteers and those with mild impairment, but it was 30% and 50% lower in groups with moderate and severe impairment, respectively. It is recommended to decrease both initial and maximum dosages in patients with moderate and severe impairment.[@b26-jcnsd-5-2013-031]

### Gene mutations

In studies of microsomal preparations from the liver of a patient with Crigler-Najjar type II syndrome and of human kidney microsomes, both lacking UGT1A, one RTG glucuronide was synthesized suggesting other members of the UGT1 and UGT2 gene family may be involved in the metabolism of RTG and that metabolism is not restricted to the liver.[@b29-jcnsd-5-2013-031]

Clinical Efficacy
=================

The efficacy and safety of retigabine as adjunctive therapy for refractory localization-related seizures has been investigated in three randomized, double-blind, placebo-controlled multicenter, parallel-group trials and two open-label extension trials.[@b8-jcnsd-5-2013-031],[@b9-jcnsd-5-2013-031],[@b34-jcnsd-5-2013-031],[@b35-jcnsd-5-2013-031] Porter and colleagues conducted a phase IIb dose-adjustment study.[@b34-jcnsd-5-2013-031] RESTORE (Retigabine Efficacy and Safety Trials for Partial Onset Epilepsy) 1 and 2 were phase III studies which incorporated recommendations from regulatory agencies, the Food and Drug Administration (FDA) in the United States and the European Medicines Agency (EMA) in Europe, for subsequent approval.[@b8-jcnsd-5-2013-031],[@b9-jcnsd-5-2013-031] These studies were followed by open-label studies and interim results of the phase III trials have been published.[@b35-jcnsd-5-2013-031] The majority of the patients in the RTG arms were aged 18--64 years (802/813, 98.6%), with only 3 (\<1%) younger than 18 years and 8 (\<1%) older than 65 years.[@b36-jcnsd-5-2013-031] The majority were Caucasian (89.3%).

Phase II study
--------------

In the phase IIb study, retigabine 600, 900 and 1200 mg/day in three equally divided doses every 8 hours, were assessed for safety and efficacy in patients aged 16 to 70 years of age.[@b34-jcnsd-5-2013-031] Even though 537 patients were recruited from 17 centers in Europe, Australia and the United States, only 399 patients were randomized. The primary reason for exclusion from randomization was not meeting the baseline seizure criteria of four partial-onset seizures per month with no 30-day seizure free period while on stable doses of one or two AEDs. Vagus nerve stimulators were allowed, but considered as one AED. The safety population was comprised of 397 patients who received at least one dose of study treatment and the ITT (intention-to-treat) efficacy population consisted of 396 patients who also had seizure data recorded in a daily diary. The study consisted of an 8-week baseline phase, 8-week forced titration phase, and an 8-week maintenance phase. During the titration phase, patients received 100 mg TID during the first week and increases of 150 mg/day at weekly intervals Efficacy of retigabine in partial onset seizures until the target dose was reached. The dose could be reduced by 100 mg/day at weekly intervals up to two times during weeks 7 and 8 of the titration phase.

Patients were excluded from the study if they had treatable causes of their seizures or a history of non-electrical seizures or status epilepticus within 30 days prior to screening. The use of felbamate, vigabatrin, tiagabine, other non-established AEDs, any drug that might interfere with the metabolism or absorption of AEDs, and medications that would lower seizure threshold were not permitted. Women of childbearing potential could not be pregnant or lactating and had to use a reliable method of contraception.

The median percent change in monthly total partial-seizure frequency during the double-blind phase compared with baseline frequency was the primary efficacy outcome. Secondary outcomes were responder rate, the proportion of patients with ≥50% reduction from baseline in total partial-seizure frequency at the end of the double-blind treatment phase, and the clinical improvement at the end of the double-blind treatment phase vs. baseline utilizing a 7-point clinical global improvement score. There was a dose-dependent effect, with significant differences between 900 and 1200 mg/day arms vs. placebo arm, but not with the 600 mg/day arm. The authors attributed the poor results of this arm to outliers, especially one patient that had an apparent increase of seizure frequency of over 1700%. Results of this study and the phase III studies are presented in [Table 1](#t1-jcnsd-5-2013-031){ref-type="table"}.

Phase III studies
-----------------

RESTORE 1 which assessed retigabine 1200 mg/day and RESTORE 2 which assessed retigabine 600 and 900 mg/day were phase III trials.[@b8-jcnsd-5-2013-031],[@b9-jcnsd-5-2013-031] They were designed similarly to the dose adjustment study with the following differences: eligibility age was raised to 18--75 years, number of stable AEDs was raised to one to three, use of a vagus nerve stimulator was again allowed but did not count as one of the AEDs, and the baseline seizure free period was lowered to 21 days. Fertile males were required, as were women of childbearing potential, to use an acceptable method of birth control. Tiagabine as a baseline AED was allowed. Those with creatinine clearance of \< 50 mL/minute and QT~c~ (Bazett) intervals of \>430 milliseconds for men and \>450 milliseconds for women were excluded from these studies. Recruitment for RESTORE 1 was from North America, Argentina and Brazil between August 2005 and January 2008, whereas recruitment for RESTORE 2 included countries in Europe and South Africa, but not countries in the western hemisphere with the exception of the United States between February 2006 and April 2008. The titration phase was reduced to 4 weeks for RESTORE 2 and 6 weeks for RESTORE 1, but the maintenance period was extended to 12 weeks and there was a four-week transition phase for those enrolling in open-label extension trials. There was a single dose reduction of 150 mg/day for those unable to tolerate the target dose in RESTORE 1 during week 7. Those unable to achieve the target dose or unable to tolerate the single dose reduction discontinued the study. There were no dose reductions permitted in RESTORE 2.

The primary outcomes for RESTORE 1 and 2 varied dependent upon the regulatory agency. The primary outcome for the FDA was the change in total partial seizure frequency per 28 days from baseline to double-blind period for RTG 900 and 1200 mg/day vs. placebo for RESTORE 2 and RESTORE 1, respectively. Whereas the primary outcome for the EMA was the proportion of responders from baseline to maintenance phase with RTG 900 and 1200 mg/day vs. placebo, respectively for RESTORE 2 and RESTORE 1. Those that discontinued the study during the titration phase were not included in the ITT population for the EMA evaluation, but were included in the ITT population for the FDA evaluation. Differences were statistically significant for all primary outcomes in treatment arms compared to placebo arms. Results for both of these studies are summarized in [Table 1](#t1-jcnsd-5-2013-031){ref-type="table"}.

Long-term open label extension (OLE) trials
-------------------------------------------

To evaluate long term safety and tolerability of RTG, patients completing maintenance phases of RESTORE 1 and RESTORE 2 were recruited to participate in OLE trials. Efficacy of long-term RTG was a secondary objective.[@b35-jcnsd-5-2013-031] Participants in study 304 (extension of RESTORE 2) and study 303 (extension of RESTORE 1) underwent a 4-week (study 304) and 6-week (study 303) double-blind transition phase to target doses of 900 mg/day and 1200 mg/day, respectively. Lower doses of 600 mg/day (Study 304) or 900 mg/day (Study 303) were acceptable for the maintenance phase in patients unable to tolerate the target dose during the transition phase. During the maintenance phase, RTG could be used as monotherapy or adjunctive therapy to 1--3 approved AEDs with or without vagus nerve stimulation. Investigators could adjust doses by 150 mg/day each week and use unequal doses or twice-daily dosing within 600--1200 mg/day to optimize efficacy and tolerability. Also, concomitant AEDs could be modified, tapered or discontinued. If RTG was discontinued, a 3-week tapering period was used.

Ninety-two percent of patients who completed RESTORE 2 and 81% who completed RESTORE 1 entered the extension trials. An interim analysis of data to October 2, 2009 included information on 556 patients who received a dose of open-label RTG including 242 (44%) and 314 (56%) who had been in the placebo and treatment arms, respectively. From baseline to data cutoff, a median reduction of 53% (10.4 to 5.1 seizures) was observed in the 28-day total partial-seizure frequency. Responder rate during this time period was 52.5% and increased over time as the number of patients remaining on RTG decreased. Continuous 6-month seizure free rates were 10.6% (n = 46), 13.1% (n = 44), and 19.1% (n = 35) for participants exposed to 6, 12, or 24 months of RTG.

Tolerability
============

Retigabine's safety profile was reported in the randomized controlled trials and the open-label extension trials.[@b8-jcnsd-5-2013-031],[@b9-jcnsd-5-2013-031],[@b34-jcnsd-5-2013-031],[@b35-jcnsd-5-2013-031] Most ADEs were mild to moderate in severity and occurred during the forced titration period, accounting for the majority of withdrawals. The incidence of new ADEs generally decreased during the maintenance phase. Of the 813 patients in the placebo-controlled trials, 559 (68.8%) completed the study in which they were enrolled.[@b36-jcnsd-5-2013-031] Discontinuance occurred due to an ADE in 181 (22.3%) cases and for other reasons in 73 (9.0%) cases. Completion rates are listed in [Table 1](#t1-jcnsd-5-2013-031){ref-type="table"} and adverse events are summarized in [Table 2](#t2-jcnsd-5-2013-031){ref-type="table"}. Interim results of the OLE trial reported 86% of patients had an ADE with 18.7% (104 of the 556 initial patients) withdrawing from the study due to the event.[@b35-jcnsd-5-2013-031] Overall discontinuance rate was 60%.

Central nervous system (CNS) disorders
--------------------------------------

As with most AEDs, central nervous system disorders are the most common ADEs with RTG.[@b8-jcnsd-5-2013-031],[@b9-jcnsd-5-2013-031],[@b34-jcnsd-5-2013-031],[@b35-jcnsd-5-2013-031] Many had dose-response relationships and often occurred during the titration phase. These include dizziness, somnolence, headache, fatigue, confusional state, vertigo, disturbance in attention, memory impairment, diplopia and blurred vision. These were also the primary reasons for discontinuance: dizziness (5.7%), confusional state (3.9%), somnolence (3.4%) and fatigue (5.7%).[@b37-jcnsd-5-2013-031] In the open-labeled extension trials of RESTORE 1 and 2, CNS-related ADEs were again the most commonly reported category occurring in 62% of patients.[@b35-jcnsd-5-2013-031] These were primarily categorized as mild or moderate with the exception of 37 patients with serious CNS ADEs which included seizures, coma and status epilepticus.

Urinary/renal disorders
-----------------------

Because urinary bladder pathology was identified during toxicology studies in animals, ADEs pertaining to the urinary system were monitored during trials.[@b36-jcnsd-5-2013-031] Subsequently, Rode and colleagues performed studies in rats that suggested KCNQ 4 and 5 are responsible for retigabine's bladder-relaxant effects.[@b38-jcnsd-5-2013-031] In the placebo controlled trials (Phase IIb, RESTORE 1 and 2), the relative risk (RR) of experiencing a urinary/renal disorder was 1.32 (95% confidence interval \[CI\] 0.097--1.76) in the total RTG group and 1.05 (95% CI 0.714--1.543) in the 600 mg/day group, 0.995 (95% CI 0.67--1.478) in the 900 mg/day group, and 1.948 (95% CI 1.409--2.695) in the 1200 mg/day group.[@b36-jcnsd-5-2013-031] In the pooled data from all phase II/III and OLE studies, 351 of the 1365 (25.7%) patients receiving RTG reported a urinary/renal ADE. The most common were urinary tract infection (UTI) (7.8%), urinary hesitation (3.1%), abnormal urinalysis (2.6%), dysuria (2.4%) and urinary retention (1.9%). The investigators determined that the majority of urinary/renal ADEs were mild and most patients continued treatment, but six patients (0.4%) withdrew for urinary retention and one patient for urinary retention and hesitation. In the placebo controlled trials, UTI-related ADEs were reported in 8.9% and 7.7% of RTG and placebo groups, respectively. A risk evaluation and mitigation strategy (REMS) regarding the risk of urinary retention and symptoms of acute urinary retention was instituted at the time of approval of RTG in the US.[@b39-jcnsd-5-2013-031] In the OLE trials of RESTORE 1 and 2, 12% of the patients reported urinary and renal disorders: urinary retention (3%), urinary hesitation (3%), urinary tract disorder (\<1%), and decreased urine flow (\<1%).[@b35-jcnsd-5-2013-031] Close monitoring is recommended for high risk patients, including those taking concomitant medications that cause urinary retention and those unable to communicate clinical symptoms.[@b26-jcnsd-5-2013-031]

Suicidal ideation
-----------------

In December 2008, the FDA issued a public health advisory regarding suicidal behavior and ideation and AEDs following a retrospective analysis of 199 clinical trials of 11 antiepileptic drugs (carbamazepine, felbamate, gabapentin, lamotrigine, levetiracetam, oxcarbazepine, pregabalin, tiagabine, topiramate, valproate and zonisamide) used in mono- and adjunctive therapies for epilepsy (25%), psychiatric indications (27%) and other conditions (48%).[@b40-jcnsd-5-2013-031] The analysis indicated that those receiving AEDs had a risk of suicidal behavior or ideation of 0.43% compared to 0.24% for those receiving placebo. It required all manufacturers of AEDs to add a new section in the warnings section of their labeling and develop a medication guide for patients regarding risks of suicidal ideation and behavior. The ad hoc task force of the Commission on Neuropsychobiology of the International League Against Epilepsy reviewed the literature and documented concerns with the FDA meta-analysis and other subsequent related studies.[@b41-jcnsd-5-2013-031] It concluded that suicidality in epilepsy is multifactorial, that certain AEDs may be associated with psychiatric problems leading to suicidal ideation and behavior, and new strategies should be implemented in controlled studies of new AEDs to better screen for suicide. No completed suicides, one suicidal ideation and one attempted suicide were reported in the RTG 1200 mg/day group and two cases of suicidal ideation were reported in the placebo group in the placebo controlled trials.[@b42-jcnsd-5-2013-031] This translated to a rate of 2.5 patients with events per 1000 treated with RTG compared to 3.6 patients with events per 1000 patients with epilepsy in the FDA meta-analysis. Four additional cases were identified in the OLEs, one suicidal ideation, one injurious self-harm, and two attempted suicide by overdose.

QT interval/cardiac
-------------------

Loss of function of the channel KCNQ1, which is expressed in the heart, results in long QT syndrome.[@b43-jcnsd-5-2013-031],[@b44-jcnsd-5-2013-031] RTG is not active at this channel. In all published phase IIb, phase III and OLE trials to date, no abnormal trends were recorded on electrocardiogram.[@b8-jcnsd-5-2013-031],[@b9-jcnsd-5-2013-031],[@b34-jcnsd-5-2013-031],[@b35-jcnsd-5-2013-031] A cardiac conduction study in healthy volunteers titrated to RTG 1200 mg/day and moxifloxacin produced a mean QT prolongation of 7.7-msec within 3 hours.[@b26-jcnsd-5-2013-031] Therefore, it is recommended to monitor QT interval in patients with concomitant medications which prolong QT interval, congestive heart failure, ventricular hypertrophy, hypokalemia or hypomagnesemia.

Other
-----

The FDA issued a warning in April 2013 that RTG can cause blue skin discoloration and pigment changes in the retina and it is unknown if these changes are reversible. [@b45-jcnsd-5-2013-031] Skin discoloration has primarily been on or around the lips or nail beds of fingers or toes but there has been face and leg involvement as well. Skin discoloration usually occurred following four years of treatment, but may occur earlier. Retinal involvement may occur in the absence of skin abnormalities. The FDA recommended that baseline and periodic eye examinations include visual acuity testing and dilated fundus photography in patients taking RTG, and may include fluorescein angiograms, ocular coherence tomography, perimetry and electroretinograms. Puttnaik and Hughes recently found that the M-type current in monkey retinal pigment epithelium (RPE) was activated by 10 μM retigabine.[@b46-jcnsd-5-2013-031] Their research also predicted that the M-type current in monkey RPE is most likely mediated by channels encoded by KCNQ4 and KCNQ5 subunits. Potassium channels effect retinal adhesion by providing the driving force for absorption of subretinal fluid and regulate RPE cell volume.

Interactions
============

With other anticonvulsants
--------------------------

In two open-label, single site, non-randomized, inpatient studies, RTG has been studied with concomitant AEDs in healthy men, one with lamotrigine and one with phenobarbital. Pharmacokinetic parameters of lamotrigine 200 mg single doses were compared before and after concomitant therapy with RTG titrated to a stable regimen of 600 mg/day (n = 15). RTG concomitant therapy decreased lamotrigine's t~1/2~ and AUC by 15% and 18%, respectively, and increased Cl/F normalized by weight by 22% (*P* = 0.001 for all parameters).[@b47-jcnsd-5-2013-031] Pharmacokinetic parameters of RTG 200 mg single doses were compared before and after concomitant therapy with lamotrigine 25 mg/day (n = 14). Concomitant therapy resulted in an increase of RTG's t~1/2~ and AUC of 7.5% (*P* = 0.045) and 15% (*P* = 0.006), respectively, and a decrease in Cl/F by 13% (*P* = 0.06). Both drugs are primarily metabolized by N-glucuronidation and both are substrates for UGT1A4. RTG is not known to induce enzymes, and metabolic competition is unlikely because of the high capacity of the UGT system. The authors speculated that the interaction may result from competition for renal elimination. With the exception of an increase in RTG's half-live of 23%, pharmacokinetic parameters were similar for RTG before and with concomitant therapy with phenobarbital 90 mg/day (n = 15).[@b48-jcnsd-5-2013-031] No dosage adjustment is recommended for either medication.[@b26-jcnsd-5-2013-031]

Sixty patients with epilepsy on stable monotherapy with valproic acid, topiramate, phenytoin or carbamazepine were given concomitant therapy with RTG and tapered off of their initial AED.[@b49-jcnsd-5-2013-031] The pharmacokinetic profile of RTG was not altered by concomitant therapy with valproic acid or topiramate; but the clearance of RTG was increased by phenytoin and carbamazepine. RTG did not influence the pharmacokinetics of the other AEDs. It is recommended to increase the dose of RTG when carbamazepine or phenytoin is added to RTG therapy.[@b26-jcnsd-5-2013-031]

Confidence intervals (CIs) were used to compare trough concentrations of concomitant AEDs (carbamazepine, clobazam, clonazepam, gabapentin, levetiracetam, oxcarbazepine, phenobarbital, phenytoin, pregabalin, topiramate, valproic acid and zonisamide) prior to and during RTG treatment in RESTORE 1 and 2.[@b50-jcnsd-5-2013-031] Clobazam, clonazepam, gabapentin and lamotrigine had 90% CIs that overlapped equivalence limits. RTG decreased lamotrigine's concentration by 20% which translated to a 90% CI excluding unity.

With other medications
----------------------

The interaction of RTG and oral contraceptives has been investigated in two studies. RTG 450 mg per day did not alter the pharmacokinetic profile of a low dose oral contraceptive consisting of ethinyl estradiol and norgestrel (n = 18).[@b51-jcnsd-5-2013-031] These results were confirmed in a second study of healthy women with an oral contraceptive containing 1 mg norethindrone and 0.035 mg ethinyl estradiol when RTG was titrated to 750 mg per day (n = 30).[@b52-jcnsd-5-2013-031]

In-vitro data showed that digoxin's renal clearance was inhibited in a concentration-dependent manner by NAMR, an inhibitor of P-glycoprotein.[@b26-jcnsd-5-2013-031] This impact has been investigated in an open label pharmacokinetic trial with 30 healthy volunteers and results have not been published.[@b53-jcnsd-5-2013-031]

Ethanol
-------

The effects of ethanol were examined in a randomized, 4-way crossover study in healthy volunteers aged 19--55 years (n = 17) who were moderate drinkers.[@b54-jcnsd-5-2013-031] Moderate drinking was defined as consuming 7 to 28 drinks per week with ≥5 standard drinks (l.5 US fl oz of hard liquor, 5 fl oz of wine or 12 fl oz of beer) consumed in the past month on at least one occasion. Ethanol (1 gm/kg) or ethanol placebo (apple juice) were consumed within 20 minutes after a dose of RTG 200 mg or RTG placebo. Ethanol increased AUC and C~max~ of RTG by 36% and 23%, respectively, but RTG had no effect on ethanol's pharmacokinetic parameters. Most impairments were related to ethanol administration and were not increased by RTG with the exception of blurred vision. Patient's should be advised that RTG's adverse effects might be worsened with alcohol intake.[@b26-jcnsd-5-2013-031]

Conclusions
===========

RTG is a recently approved anticonvulsant with a unique site of action, low-threshold voltage-gated potassium channels. Randomized placebo-controlled trials reported median reduction in 28-day seizure frequency and responder rate for three doses, 600 mg, 900 mg, and 1200 mg/d in three divided doses in patients ≥ 16 years with refractory partial-onset seizures. It has limited drug interactions as it primarily undergoes glucuronidation and acetylation and is not metabolized through the cytochrome P450 system. It is not highly protein bound. Similar to other anticonvulsants, the majority of its ADEs are CNS related. RTG has several unique ADEs compared to other anticonvulsants: urinary retention, blue discoloration of the skin, and pigment changes in the retina. These effects are most likely due to RTG's effect on potassium channels. Retigabine's place in therapy is yet to be determined, especially with the recent revelations of effects on the retina with long-term use. Greater than 30% of patients with epilepsy have refractory seizures, reinforcing the need for new therapeutic options.
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###### 

Clinical outcomes of randomized, double-blind trials of adjunctive retigabine in partial-onset seizures.

  Trials                                                                                                    Median % reduction in 28-day seizure frequency       Responder rate, %[\*](#tfn2-jcnsd-5-2013-031){ref-type="table-fn"}       Seizure freedom, n (%)       Completion rate (%)
  --------------------------------------------------------------------------------------------------------- ---------------------------------------------------- ------------------------------------------------------------------------ ---------------------------- ---------------------
  **A. Intent-to-treat population from baseline to end of double-blind treatment phase (FDA population)**                                                                                                                                                              
  Porter, et al[@b34-jcnsd-5-2013-031] (n = 396)                                                                                                                                                                                          Not reported                 
   Placebo (n = 96)                                                                                         13.1                                                 15.6                                                                                                  87.5
   600 mg/d (n = 99)                                                                                        23.4 (NS)                                            23.2 (NS)                                                                                             82.8
   900 mg/d (n = 95)                                                                                        29.3 (*P* = 0.0387)                                  31.6 (*P* = 0.0214)                                                                                   80
   1200 mg/d (n = 106)                                                                                      35.2 (*P* = 0.0024)                                  33.0 (*P* = 0.016)                                                                                    70.8
  RESTORE 2[@b8-jcnsd-5-2013-031] (n = 538)                                                                                                                                                                                               Not reported                 
   Placebo (n = 179)                                                                                        15.9                                                 17                                                                                                    85.5
   600 mg/d (n = 181)                                                                                       27.9 (*P* = 0.007)                                   31.5 (*P* = 0.002)                                                                                    74.6
   900 mg/d (n = 178)                                                                                       39.9 (*P* \< 0.001)                                  39.3 (*P* \< 0.001)                                                                                   67
  RESTORE 1[@b9-jcnsd-5-2013-031] (n = 305)                                                                                                                                                                                                                            
   Placebo (n = 152)                                                                                        17.5                                                 17.8                                                                     n = 0 (0%)                   83.6
   1200 mg (n = 153)                                                                                        44.3 (*P* \< 0.001)                                  44.4 (*P* \< 0.001)                                                      n = 3 (2%)                   63.4
                                                                                                                                                                                                                                                                       
  **Trials**                                                                                                **Median % reduction in 28-day seizure frequency**   **Responder rate, %**[\*](#tfn2-jcnsd-5-2013-031){ref-type="table-fn"}   **Seizure freedom, n (%)**   
                                                                                                                                                                                                                                                                       
  **B. Intent-to-treat population from baseline to end of maintenance treatment phase (EMA population)**                                                                                                                                                               
  RESTORE 2[@b8-jcnsd-5-2013-031] (n = 471)                                                                                                                                                                                                                            
   Placebo (n = 164)                                                                                        5.1                                                  18.9                                                                     2 (1.2)                      
   600 mg/d (n = 158)                                                                                       25.0 (*P* = 0.002)                                   38.6 (*P* \< 0.001)                                                      5 (3.2)                      
   900 mg/d (n = 149)                                                                                       30.9 (*P* \< 0.001)                                  47.0 (*P* \< 0.001)                                                      7 (4.7)                      
  RESTORE 1[@b9-jcnsd-5-2013-031] (n = 256)                                                                                                                                                                                                                            
   Placebo (n = 137)                                                                                        18.9                                                 22.6                                                                     Not reported                 
   1200 mg (n = 119)                                                                                        54.5 (*P* \< 0.001)                                  55.5 (*P* \< 0.001)                                                                                   

**Note:**

Percentage of patients with seizure reductions ≥50% from baseline in 28-day total partial-onset seizure frequency.

**Abbreviation:** RESTORE, Retigabine Efficacy and Safety Trials for Partial Onset Epilepsy.

###### 

Adverse events occurring in ≥10% of patients in RESTORE 1 and 2.[\*](#tfn5-jcnsd-5-2013-031){ref-type="table-fn"},[@b8-jcnsd-5-2013-031],[@b9-jcnsd-5-2013-031]

  Event                      RESTORE 2[@b8-jcnsd-5-2013-031]   RESTORE 1[@b9-jcnsd-5-2013-031]                 
  -------------------------- --------------------------------- --------------------------------- ------ ------ ------
  Central nervous system                                                                                       
   Dizziness                 6.7                               17.1                              26.4   13.8   40.5
   Somnolence                10.1                              14.4                              26.4   17.8   31.4
   Fatigue                   2.8                               17.1                              15.2   7.9    15.7
   Confusional state         0                                 1.7                               5.1    2.0    14.4
   Headache                  14.5                              11.0                              17.4   18.4   12.4
   Dysarthria                0                                 5.0                               1.7    2.0    12.4
   Ataxia                    NR                                NR                                NR     3.9    11.8
   Vision blurred            1.7                               0.6                               5.1    2.6    11.8
   Tremor                    2.2                               1.7                               9.0    3.9    11.1
  Gastrointestinal                                                                                             
   Nausea                    3.9                               6.1                               6.7    6.6    10.5
  Urinary tract                                                                                                
   Urinary tract infection   NR                                NR                                NR     8.6    11.8

**Note:**

Data presented as percentage of patients in safety population.

**Abbreviations:** RESTORE, Retigabine Efficacy and Safety Trials for Partial Onset Epilepsy; RTG, Retigabine; NR, not reported in RESTORE 2 because \<5%.
